Abstract Large-eddy simulation is used to investigate very-large-scale motions (VLSMs) in the neutrally stratified atmospheric boundary layer at a very high friction Reynolds number, Re τ ∼ O(10 8 ). The vertical height of the computational domain is L z = 1000 m, which corresponds to the thickness of the boundary layer. In order to make sure that the largest flow structures are properly resolved, the horizontal domain size is chosen to be L x = 32π L z and L y = 4π L z , which is much larger than the standard domain size, especially in the streamwise direction (i.e., the direction of elongation of the flow structures). It is shown that the contributions to the resolved turbulent kinetic energy and the resolved shear stress from streamwise wavelengths larger than 10L z are up to 27 and 31 % respectively. Therefore, the large computational domain adopted here is essential for the purpose of investigating VLSMs. The spatially coherent structures associated with VLSMs are characterized through flow visualization and statistical analysis. The instantaneous velocity fields in horizontal planes give evidence of streamwise-elongated flow structures of low-speed fluid with negative fluctuation of the streamwise velocity component, and which are flanked on either side by similarly elongated high-speed structures. The pre-multiplied power spectra and two-point correlations indicate that the scales of these streak-like structures are very large, up to 20L z in the streamwise direction and 0.6L z in the spanwise direction. These features are similar to those found in the logarithmic and outer regions of laboratory-scale boundary layers by direct numerical simulation and experiments conducted at low to moderate Reynolds numbers. The three-dimensional correlation map and conditional average of the three components of velocity further indicate that the low-speed and high-speed regions possess the same elongated ellipsoid-like structure, which is inclined upward along the streamwise direction, and they are accompanied by counter-rotating roll modes in the cross-section perpendicular 
to the streamwise direction. These results are in agreement with recent observations in thehere due to the roughness elements. Hence these studies imply that the large-scale structures in the logarithmic and outer regions are not dependent on the small-scale near-wall structures.
Due to the advantages of having fully resolved temporal and spatial information and avoiding any modelling assumptions such as Taylor's hypothesis, direct numerical simulation (DNS) has been widely adopted to investigate various turbulent flows. Recently, DNS has also been increasingly used to explore VLSMs, and for such purpose the computational domain must be large enough to capture the large-scale structures properly. Priymak and Miyazaki (1994) performed DNS of pipe flow with the streamwise domain length L x = 50R, where R is the pipe radius, and found that the most energetic motion has a wavelength around 25R. However, the simulated pipe flow was not fully turbulent because the Reynolds number (Re τ = 150) was low. Recently, DNS of turbulent pipe flow at a relatively high Reynolds number with L x = 30R was achieved by Wu et al. (2012) , and VLSMs of turbulent pipe and boundary-layer flows were compared by Lee and Sung (2013) through DNS. To investigate VLSMs in channel flow, Del Álamo et al. (2004) performed DNS at fully turbulent Reynolds numbers using numerical boxes with L x up to 8π h, where h is the channel half-width. DNS of a turbulent boundary layer was recently performed by Lee and Sung (2011) to study the spatially coherent structures associated with VLSMs by using a computational box with L x ≥ 50δ. However, fully resolved DNS is computationally expensive (with cost proportional to Re τ 3 L x ), and compared to other approaches its use in the study of VLSMs is limited to low Reynolds numbers. For reference, the most ambitious DNS of a channel flow to date is at Re τ = 2003 and L x = 8π h (Hoyas and Jiménez 2006) . DNS of VLSMs at higher Re τ and larger L x is not yet possible.
Most laboratory studies of turbulent boundary layers have been conducted at low to moderate Reynolds numbers, Re τ ∼ O(10 3 −10 4 ); in contrast, atmospheric boundary-layer (ABL) flows are invariably at high Reynolds numbers, Re τ ∼ O(10 6 ). Among the various types of ABL turbulence, the neutrally stable ABL is precisely connected to the laboratory flat-plate boundary layer according to the Reynolds number similarity. In both of them, thermal effects are absent and turbulence is shear-driven with an approximate logarithmic velocity profile near the surface. Unlike the low Reynolds number boundary layer in which the turbulence is dominated by the near-wall cycle, the inner and outer scales in the ABL are well separated with the logarithmic region occupying almost the entire layer and its associated structures dominating the turbulence. In the last few decades, there are numerous experimental and numerical studies on the large-scale streaks in the neutral ABL (Wilczak and Tillman 1980; Moeng and Sullivan 1994; Boppe and Neu 1995; Khanna and Brasseur 1998; Carlotti 2002; Young et al. 2002; Drobinski et al. 2004; Foster et al. 2006; Dubos et al. 2008; Newsom et al. 2008; Horiguchi et al. 2010; Lu and Porté-Agel 2010) . Recently, experimental field studies on the VLSMs in the ABL have emerged. Using measurements made at the Surface-Layer Turbulence and Environmental Science Test facility in the salt flats of Utah under near-neutral conditions, Guala et al. (2011) investigated interactions between VLSMs and the near-wall turbulent structures, and Hutchins et al. (2012) examined the presence of VLSMs in the ABL, comparing the large-scale coherence in the ABL and in the laboratory-scale boundary layer. However, it is known that field measurements are more challenging than laboratorybased measurements, and can lack resolution and statistical convergence. Such challenges have implications on the robustness of the analysis, which may be further adversely affected by the use of Taylor's hypothesis. Dennis and Nickels (2008) pointed out that using Taylor's hypothesis can lead to incorrect interpretations for large-scale structures in a turbulent boundary layer. Using DNS data of a turbulent channel flow, Del Álamo and Jiménez (2009) examined the application of Taylor's hypothesis to experiments and found that this technique can lead to an artificial secondary peak in the energy spectrum.
Large-eddy simulation (LES) has become an important tool for investigating turbulent transport phenomena in the ABL. This is largely due to the fact that LES is superior to the conventional Reynolds-averaged Navier-Stokes (RANS) approach in predicting unsteady turbulent behaviors and computationally more efficient than DNS. In LES, only large eddies contributing to the TKE production (i.e. larger than the filter size) are calculated and the net effects of small eddies (i.e. smaller than the filter size) are parametrized using suitable subgrid-scale (SGS) schemes. Therefore practical grid sizes much larger than those required to resolve all of the fluid motions can be used and the computational cost is dramatically reduced compared to DNS. This makes LES ideally suitable for the study of VLSMs, though at the cost of introducing SGS and wall-modelling errors. Nevertheless, a recent numerical simulation of long channel flow (Chung and McKeon 2010) has shown that a controlled application of LES equipped with a suitable SGS model is able to capture the essential features of these large-scale structures. LES has already been used to study the neutral ABL, e.g., Andren (1994) , Moeng and Sullivan (1994) , Ayotte et al. (1996) , Lin et al. (1996) , Albertson and Parlange (1999) , Porté-Agel et al. (2000) , Ding et al. (2001) , Bou-Zeid et al. (2004) , Bou-Zeid et al. (2005) , Stoll and Porté-Agel (2006) , Foster et al. (2006) , Dubos et al. (2008) , Finnigan et al. (2009), Lu and Porté-Agel (2010) . Most of these studies focus on time-averaged and horizontally-averaged vertical profiles of relevant physical quantities, and hence use rather short streamwise domain sizes (L x ≤ 2π L z ). To our knowledge, LES has not yet been used to investigate the VLSMs in the neutral ABL.
The purpose of the present study is to use LES with a large computational domain to properly assess features of VLSMs in the neutral ABL and compare the simulation results with recent experimental findings. Details of the simulations are given in the next section. Results are presented and discussed in Sect. 3, with conclusions in Sect. 4.
Simulation Details
We use the WIRE-LES model, which has been developed from the original version described in Albertson and Parlange (1999) and Porté-Agel et al. (2000) . The code solves the threedimensional filtered Navier-Stokes equations written in rotational form
where t denotes time, u i is the ith component of the instantaneous resolved velocity, x i is the ith component of the position vector, p * = p/ρ + 1 2 u i u i is the modified pressure divided by density ρ and including the resolved kinetic energy, τ i j is the SGS stress tensor, and F i is the component of a body force. The viscous term is neglected in Eq. 2 because the Reynolds number of the ABL flow is high and the dissipation is dominated by the SGS term. Since the focus here is on the neutral ABL, no additional terms are used to account for buoyancy effects. The flow is driven by a constant pressure gradient F i in the streamwise direction (the Coriolis force has not been considered).
The quality of the SGS model used to represent the unresolved motions is critical for accurate calculations, especially for our purpose here to capture the dynamics of the large-scale structures. We use the well-tested Lagrangian-averaged scale-dependent (LASD) dynamic model (Stoll and Porté-Agel 2006) , which belongs to the family of the Smagorinsky models.
The dynamic procedure eliminates both the need of tuning the Smagorinsky model coefficient and the questionable assumption that a single value of the Smagorinsky coefficient is valid for any simulation. Additionally, the LASD model does not rely on the scale-invariance assumption of the standard dynamic Smagorinsky model (i.e. the Smagorinsky model coefficient is the same at different scales). Instead, it uses a second test-filtering operation to determine how the coefficient changes across scales, thus providing more accurate estimation of the coefficient at the grid scale. Compared to the traditional Smagorinsky model and the standard dynamic model, the scale-dependent dynamic model yields improved dissipation characteristics, velocity spectra, and mean velocity profiles in simulations of the neutral ABL (Porté-Agel et al. 2000) . Moreover, the Lagrangian time-averaging approach (Meneveau et al. 1996 ) is adopted in the LASD model to reduce noise and maintain numerical stability for applications in complex geometry flows with statistical inhomogeneity. The LASD model has been shown to be particularly well suited to capturing unresolved small-scale turbulence in complex environments in which SGS turbulence deviates from the classical assumptions of isotropic, inertial-range behaviour (Bou-Zeid et al. 2005; Porté-Agel 2006, 2008) .
Periodic boundary conditions are applied for both streamwise and spanwise directions. The upper boundary is specified as a frictionless rigid lid, i.e. a stress-free condition. The lower boundary condition is formulated using Monin-Obukhov similarity theory, in which the instantaneous wall-shear stress is related to the velocity at the first grid point above the boundary through the logarithmic law with a specified aerodynamic roughness length z 0 .
Strictly speaking, the stress-free condition at the top is only valid for either a free boundary layer or a neutral ABL under the influence of the Coriolis force. Nevertheless, in LES of the neutral ABL without Coriolis effects, it is common practice to use the stress-free condition as well at the upper boundary of the simulation domain (Shaw and Schumann 1992; Albertson and Parlange 1999; Porté-Agel et al. 2000; Bou-Zeid et al. 2005; Finnigan et al. 2009; Lu and Porté-Agel 2010) . Physically, it can be interpreted as a strong capping inversion, which prevents further deepening of the boundary layer. Moreover, due to the periodic condition applied at the lateral boundaries, no boundary-layer growth is allowed. Hence, the height of the simulation domain essentially defines the boundary-layer depth δ. Even though the stress-free condition cannot represent the entrainment of free atmosphere momentum into the boundary layer, the effect on the turbulence statistics is mainly restricted to the region near the upper boundary.
The computational domain is defined by the three scales L x , L y , and L z along the streamwise, spanwise, and vertical (wall-normal) directions and discretized using N x , N y and N z nodes, respectively. In the streamwise and spanwise directions all derivatives are computed by the pseudospectral method, while in the vertical direction derivatives are computed with second-order centered finite differences. All non-linear terms are de-aliased in Fourier space by the 3/2 rule; the second-order Adams-Bashforth scheme is used for time marching. The incompressibility of the fluid expressed by Eq. 1 is satisfied by the projection method, in which the derived Poisson equation is solved for the pressure field, which is then used to correct the velocity field to become divergence free. The test filters used in the dynamic procedure are two-dimensional low-pass cut-off filters that take advantage of the spectral nature of the code in the horizontal directions. Previous studies (Porté-Agel et al. 2000; Porté-Agel 2004; Basu and Porté-Agel 2006; Porté-Agel 2006, 2008; Kleissl et al. 2006; Kumar et al. 2006; Anderson et al. 2012; Abkar and Porté-Agel 2012; Cancelli et al. 2014) demonstrate that the LES model reproduces well-known features of the quasi-steady boundary layer under various stability conditions and also the entire 24-h diurnal evolution of the ABL.
To capture VLSMs properly, we use a large computational domain with L z = 1000 m, L y = 4π L z , and L x = 32π L z . The simulations are carried out using two grid resolutions with N x × N y × N z = 1024 × 128 × 64 and 2048 × 256 × 128 respectively, with a uniform grid (Δ x = Δ y = 2πΔ z ) throughout the simulation domain. The imposed pressure gradient F x is specified as U τ 2 /L z , in which the friction velocity U τ is set to 0.45 m s −1 . The roughness length z 0 is taken to be 0.1 m, and the timestep is set to 0.2 s in order to meet the Courant-Friedrichs-Lewy stability condition and the viscous stability. A warm-up simulation is firstly made for a long enough time to guarantee that quasi-steady conditions are reached (i.e. the profile of the total stress normalized by U τ 2 adjusts to a straight line reaching 1 at the surface and the mean resolved kinetic energy becomes stable). Statistical calculations are then performed over 2 × 10 6 timesteps to ensure statistical convergence. The main features of VLSMs obtained with the coarse and fine resolutions are qualitatively the same. Therefore, only the results obtained with the fine resolution are shown herein, and quantitative differences between the results obtained with the two resolutions are commented upon when necessary. Figure 1 shows the fluctuations of the streamwise velocity component normalized by the friction velocity in the horizontal plane at z/δ = 1/8. The flow is from left to right. The filled 2-D contour plot of the instantaneous fluctuations at a given time t s after reaching the quasisteady state is presented in Fig. 1a , which shows typical features in the logarithmic region of a turbulent boundary layer. Several very long low-speed streaks with negative fluctuations (marked by dark grey contours) meandering in the downstream direction can be seen clearly. Each of these low-speed streaks is flanked on either side by similarly elongated high-speed streaks with positive fluctuations (marked by light grey contours). The majority of these streaks has length more than 5δ in the streamwise direction. These patterns are similar to the VLSMs observed in both experimental and DNS studies of turbulent boundary layers (Hutchins and Marusic 2007a; Lee and Sung 2011) , as well as field measurements of ABL flows .
Results

Instantaneous Fields
To highlight the characteristics of very long structures, we applied a two-dimensional low-pass filter to the instantaneous velocity field. Based on the spanwise correlation of the streamwise velocity component shown in Fig. 9 , a filter size of 0.4δ was chosen, which is close to the spanwise correlation length at z/δ = 1/8. So, velocity fluctuations at scales smaller than the characteristic spanwise width of the elongated structures are removed by the filter. Figure 1b-d shows the fluctuations of the filtered streamwise velocity component at three different time intervals in the same horizontal plane as in Fig. 1a . The time interval here is normalized by the characteristic time T = L z /U τ , which can be regarded as the large-eddy turnover time; note that Fig. 1a and b are for the same time. Positive and negative fluctuations are represented by grey and white colours, respectively. The low-speed regions are elongated in the streamwise direction and can reach 20δ in length, while their characteristic width is around 0.5δ in the spanwise direction. The time evolution of the filtered fields shows that, during a time period of 0.18T , the VLSMs travel downstream with very little change in their forms (i.e., the dispersion is small). Note that a long lifespan comparable to the large-eddy turnover time is a major prerequisite for a coherent structure, and the dispersion must be small in order for the coherent structure to be long-lived (Adrian 2007 ). The contour plots of the fluctuations of the streamwise velocity component in the horizontal plane at different distances from the wall are shown in Fig. 2 . It can be observed that the continuation of the near-wall structures shown in Fig. 2a is less than that of the outer ones shown in Fig. 2b and c. In addition, the large-scale features of Fig. 2b and c have a superimposed footprint in the small-scale structures of Fig. 2a , which implies that smallscale motions near the wall are strongly influenced by large-scale motions from above. This characteristic is highlighted by applying the same spatial filter as before. It can be seen that the red contour lines for the filtered fluctuation fields in Fig. 2a-c tions of the two x-z planes (shown in Fig. 3a) inside the horizontal plane. For the spanwise velocity component, there are distinctive inclined regions of positive and negative fluctuations in the x-z planes, which stretch all the way from the wall to the top of the boundary layer. An inclined region of positive fluctuations is often followed by an inclined region of negative fluctuations, and vice versa. A superstructure event in the streamwise velocity component is accompanied by the inclined structures in the spanwise velocity component on the two sides. This pattern can be clearly observed by pairing the two sub-figures of Fig. 3 in the range of x from 0 to 10δ; we also note that a pair of inclined structures flanking a superstructure event (here a high-speed one) have the opposite fluctuation to the spanwise velocity component. This observation suggests that a VLSM is associated with counter-rotating rolls and/or inclined vortices. It is worth mentioning that the results in Fig. 3 are very similar to the results for the spanwise velocity component presented in Fig. 12 of Hutchins et al. (2012) .
Statistical Analysis
In the previous sub-section, the plots of the instantaneous velocity fields show that VLSMs exist in the logarithmic and outer regions of the neutral ABL in the form of alternating lowand high-speed streaks. Those results reveal also some qualitative features of the VLSMs. In this sub-section, characteristics of the VLSMs are further elucidated from a statistical point of view.
First, the pre-multiplied power spectrum is used to obtain the characteristic sizes of large and very large structures. Here, E uu , the power spectrum of a velocity component u, is multiplied by the wavenumber k to yield k E uu . In the semi-logarithmic plot of k E uu (with a linear scale) versus k (with a logarithmic scale), the area under the curve corresponds to the kinetic energy of the velocity component u. Hence such a plot illustrates clearly the contributions of different wavelengths to the kinetic energy and helps to find the dominant wavelengths by locating the peaks. Figure 4 presents the pre-multiplied power spectra as functions of the streamwise wavelength λ x for the streamwise velocity component at various heights. Each pre-multiplied power spectrum shows a bimodal or plateau distribution with the short wavelength peak corresponding to large scale motions and the long wavelength peak corresponding to VLSMs. For z ≤ 0.125δ, with increasing distance from the wall, the wavelength at which the plateau starts increases considerably from 0.5δ to 3δ, while the wavelength at which the plateau ends increases slightly. This is consistent with the instantaneous flow patterns seen in Fig. 2 . This implies that more of the TKE is carried by the VLSMs in comparison with the largescale motions and the smaller ones. For z > 0.125δ, the wavelengths of the two peaks and the ratio of the long wavelength peak to the short wavelength peak remain nearly constant as z increases. The wavelength of the second peak, which represents the streamwise size of VLSMs, is between 10δ and 30δ. This is consistent with the experimental finding of Hutchins and Marusic (2007a) , who showed that very long meandering structures are present in the logarithmic region of the neutrally stable ABL and have a streamwise length of O(20δ). It is worth mentioning that Fig. 4 shows a spectral gap between large-scale motions and VLSMs for z > 0.125δ. This spectral gap separates two types of turbulent motions, and, therefore, it is different from the traditional one, which separates the energy contribution of turbulent motions from that of mesoscale motions (Van der Hoven 1957).
For completeness, the pre-multiplied power spectra for the spanwise and vertical velocity components are shown in Figs. 5 and 6 respectively. For the spanwise velocity component, the pre-multiplied power spectrum at each height has only one peak, with the corresponding wavelength increasing with increasing height and reaching a maximum around δ. The premultiplied power spectra for the vertical velocity component are qualitatively similar to those for the spanwise velocity component. In the coarse resolution simulation, it was observed that, for each velocity component, the pre-multiplied power spectra present more pronounced short wavelength peaks for z ≤ 0.125δ.
The pre-multiplied cospectra of u and w as functions of the streamwise wavelength λ x at different heights are calculated and presented in Fig. 7 . Each pre-multiplied cospectrum has a distribution similar to the pre-multiplied power spectrum for the streamwise velocity component, but with a less pronounced second peak. With increasing distance from the wall, 
Fig. 5 Pre-multiplied power spectra as functions of the streamwise wavelength for the spanwise velocity component at various heights the changing trend of the pre-multiplied cospectrum is similar to that of the pre-multiplied power spectrum for the streamwise velocity component, which indicates that the contributions to the vertical momentum flux from VLSMs become increasingly important.
By integrating the power spectra of the three velocity components and the cospectra of u and w from a short wavelength to a long wavelength, the contributions to the resolved TKE and Fig. 7 Pre-multiplied cospectra of the streamwise and vertical velocity components as functions of the streamwise wavelength at various heights shear stress from that range of wavelengths can be obtained. It is found that the contributions to the resolved TKE and shear stress from streamwise wavelengths larger than 10δ increase with height and reach a maximum of 27 and 31 % respectively. This finding confirms that the large computational domain adopted here is essential for the purpose of investigating VLSMs. On the other hand, it suggests that the standard domain size (L x = L y = 2π L z or even smaller), used in previous LES-based studies of ABL flows, could lead to unphysical results due to the truncation of the important VLSMs. This could explain, for example, the presence of streak structures occupying the entire streamwise domain and being locked-in in the spanwise position and in time (Lu and Porté-Agel 2010) , which leads to large spanwise variations of the mean velocity (Finnigan et al. 2009 ). This unphysical effect has also been found in this study when using the standard domain size (results not shown here). It is worth mentioning that some recent studies (Ludwig et al. 2009; Mirocha et al. 2010; Kirkil et al. 2012; Mirocha et al. 2013 ) have suggested that streak structures could be artificially elongated when using relatively coarse resolutions and/or low-accuracy numerical schemes and SGS models. This could further worsen the locking effect. Next, the two-point correlation coefficient for the streamwise velocity component (R uu ( x, y, z) ) is employed to further characterize the coherent structures. Figure 8 shows R uu in the streamwise direction with y = 0 and various values of z. The correlations decay slowly, e.g., the correlation is still around 0.1 at x = ±5δ for z = 0.25δ, and is a sign of the presence of very long streamwise-elongated structures. A visual comparison of the correlations shown in Fig. 8 reveals that, with increasing distance from the wall, the streamwise correlation length increases when z ≤ 0.25δ and remains nearly constant when z > 0.25δ. It is also observed that the correlations are positive when | x| ≤ 10δ and become slightly negative afterwards. This indicates the existence of very long structures followed by similar ones but with opposite fluctuations, which is consistent with the instantaneous flow pattern seen in Fig. 1 . Figure 9 shows R uu in the spanwise direction with x = 0 and various values of z. Here, the first interesting observation is that the correlations show a strong alternating positivenegative trend, which is indicative of alternating low-and high-speed streaks shown in Figs. 1 and 2. Secondly, it can be observed that the spanwise width of the correlation increases as the height increases. This indicates a spanwise growth of coherent structures along the wall-normal direction, which is in support of the hairpin-concatenation hypothesis of Kim and Adrian (1999) . Lastly, approximately within the range of −0.25δ ≤ y ≤ 0.25δ, the streamwise velocity component remains positively correlated, from which the spanwise width of the streaks is estimated to be 0.5δ. It is worth mentioning that the characteristic streamwise length and spanwise width of VLSMs obtained by the fine resolution simulation are consistent with those reported in previous studies of laboratory-scale boundary layers, while those obtained by the coarse resolution simulation are relatively larger. Preliminary results (not shown here) obtained with an even higher resolution have shown little differences with respect to the results presented here. For a general analysis of VLSMs in three dimensions, we introduce the 3D spatial correlation function defined as
for the streamwise velocity component. Figure 10 shows the iso-surfaces of R streamwise direction and flanked on either side in the spanwise direction by a region of negative correlation (marked by blue). This confirms the existence of VLSMs in the form of alternating low-and high-speed zones. Moreover, the correlated regions are inclined upward along the streamwise direction and more elongated towards the upstream direction, and the region of positive correlation extends vertically over a large part of the boundary layer (almost from the bottom to the top).
The instantaneous velocity fields shown in Fig. 3 provide evidence of large-scale roll modes accompanying large-scale elongated high-speed regions. To verify statistically whether the coexistence of large-scale roll modes is also an essential feature of VLSMs, we examine the conditionally-averaged flow field. The obtained velocity fields are normalized by the friction velocity as well. Figure 11 presents the conditionally-averaged flow field with the conditional event being a high-speed event at x = 0, y = 0, z = δ/2. In Fig. 11a , the high-speed region is shown by the iso-surface of positive u fluctuation. Large-scale roll modes can be seen from the cross-plane plots displaying velocity vectors as arrows with components (v, w) at the grid points. The combined plots in Fig. 11a and b depict clearly that the high-speed event is accompanied by a counter-rotating vortex pair with a downwash occurring inside the high-speed region. In a similar way, Fig. 12 presents the conditionallyaveraged flow field with the conditional event being a low-speed event at the same reference point. Again, it shows clearly that the low-speed event is accompanied by a counter-rotating vortex pair, but with an upwash occurring inside the low-speed region. These large-scale roll modes have been previously observed in laboratory experiments of turbulent boundary layers, through either a volumetric linear stochastic estimation of the conditionally-averaged velocity field (Marusic and Hutchins 2008) or a direct visualization of the instantaneous velocity field (Hutchins et al. 2005) . In a recent study based on field experimental data of the neutral ABL , the authors applied the linear stochastic estimation method to show that "the low momentum fluid in the streamwise direction is accompanied by counter-rotating roll modes across the span of the flow." It is important to note that the field measurements were made below 30 m above the ground and the estimated ABL thickness was 60 m, hence the observed large-scale modes are of a smaller scale than those found here. Nevertheless, similar structures found by Drobinski et al. (2004) using lidar data are of a comparable scale with those shown in Figs. 11 and 12 (see Fig. 11 of Drobinski et al. (2004) , where the spanwise scale is around 1 km). DNS studies (Toh and Itano 2005; Del Álamo et al. 2006) have also noted such vortex pairs associated with the large-scale structure. Del Álamo et al. (2006) have suggested that the vortex pair "...is statistically important, because it takes part in the stirring of the mean profile that leads to the generation of the large scales of u." In a recent DNS study of a turbulent boundary layer, Lee and Sung (2011) found that, due to these associated strong swirling motions, VLSMs contributed to approximately 45 % of the total Reynolds shear stress.
Conclusions
We have focused on the nature of very-large-scale motions (VLSMs) in the ABL, and carried out LES at a very high friction Reynolds number, Re τ ∼ O(10 8 ). The vertical height of the computational domain is L z = 1000 m, which corresponds to the thickness of the boundary layer. In order to properly capture VLSMs, which scale with the boundary-layer thickness, the horizontal dimensions of the simulation domain are chosen to be L x = 32π L z and L y = 4π L z respectively, which are much larger than the standard values of L x = L y = 2π L z , especially in the streamwise direction. It has been shown that the contributions to the resolved TKE and the resolved shear stress from streamwise wavelengths larger than 10L z are significant (up to 27 and 31 % respectively). Hence, the very large domain size adopted here is necessary for the purpose of investigating VLSMs, while the use of the standard domain size could lead to unphysical effects due to the truncation of the important VLSMs. Flow visualization and statistical analysis have been applied to characterize the spatially coherent structures associated with VLSMs. The instantaneous velocity fields in streamwise/spanwise planes show very long meandering zones of low-speed fluid with negative fluctuations of the streamwise velocity component, which look like the large-scale streaks observed in many atmospheric surface-layer flows. Each low-speed streak is flanked on either side by a high-speed streak, and vice versa. The pre-multiplied power spectra and two-point correlations indicate that the scales of these streak-like structures are very large, up to 20L z in the streamwise direction and 0.5L z in the spanwise direction, which are consistent with what have been termed VLSMs by Kim and Adrian (1999) . These features are similar to those found in the logarithmic and outer regions of laboratory-scale boundary layers by DNS and experiments conducted at low to moderate Reynolds numbers. Both instantaneous and statistical results indicate that the size of these very-large-scale structures first increases with increasing distance from the wall, then remains nearly constant.
The three-dimensional correlation map and conditional average of the three components of velocity have been applied to explore the 3D structure of VLSMs. The results clearly show that the low-speed and high-speed regions possess the same elongated ellipsoid-like structure, which is inclined upward along the streamwise direction and extends almost from the bottom to the top of the boundary layer. Moreover, these structures are accompanied by counter-rotating roll modes in the cross-section perpendicular to the streamwise direction.
These findings are in agreement with recent observations made from field campaigns in a neutral ABL .
It is important to note that the truly neutral ABL studied herein is an idealized case and, therefore, there are several important physical phenomena that require further study. First, Coriolis accelerations will produce a change of wind direction with height, which will influence the topology of VLSMs due to their extreme length. In addition, thermal stability will also affect the structure and evolution of VLSMs. Future research will focus on understanding those effects.
